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LHeC and FCC-he

10-GeV linac Injector
-

energy recovery LINAC

Total circumfrence ~ 9km e_ b e a m : 6 0 G eV

Final electron focus LHC proton beam L|nt > 1 a b

Beam dump /

see talk by M. Klein

Interaction point / detector

10-GeV linac

operating synchronously:

 with HL-LHC:
p beam: 7 TeV, Vs = 1.3 TeV

« and/or later with FCC-hh:
p beam: 50 TeV, Vs=3.5 TeV
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eh physics at the high energy frontier
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parton distribution functions
(A. M. Cooper-Sarkar)

Higgs (C. Zhang)

physics at high pt (this talk)
LHeC increases LHC precision
(from much improved PDFs, as)
precision electroweak
electron-quark specific interactions
(EG. leptoquarks, compositeness)
precision top quark studies

also, eA option (N. Armesto),
low X (A. Stasto), ...

LHeC (FCC-he) complementary to, synchronous with, HL-LHC (FCC)

potential to improve sensitivity of LHC, to characterise or possibly discover new phenomena
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outline

precision electroweak physics
BSM
top quark physics
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precision electroweak physics
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Deep Inelastic Scattering (DIS)

Neutral Current (NC) Charged Current (CC)
e \Y
e / € /
' Q2 = —(k—k) Q2 = —(k-k)
V/Z W
. q > q
q q
P Pq = xP P Pq = xP
— —] Q2: four-momentum
N transfer
P £ > P > spatial resolution ©1/Q

x: fractional momentum of struck parton

LHeC is a unique facility for testing electroweak theory
(two) e beam charges, two e polarisation states, NC+CC, p or isoscalar targets
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scale dependence of sin?0w

LHeC CDR,
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NC vector and axial vector couplings

significant improvements expected from higher luminosity and FCC-he LHeC CDR, J. Phys. G39 075001 (2012)
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a, a4
very high precision measurement e-beam: 50 GeV
sensitive to new physics: Z’, leptoquarks, 1 fb-1 of each of ep and e*p
R-parity violating SUSY, ... polarisation: 40%
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BSM

LHC (FCC) is/ will be main discovery machine; LHeC (FCC-he)
has potential for improving or possibly discovering new physics

B and L quantum numbers in initial state, and very clean environment — favourable
for specific BSM models; now strong constraints from LHC, and LHeC discovery
window remains open only for certain scenarios; FCC-he energy offers more potential;

improved PDFs and as from LHeC transforms LHC into high precision machine

® C. Gwenlan, High Q? Physics at the LHeC



leptoquarks (LQS)

ep collider: both baryon and lepton quantum numbers in initial state
LHeC (FCC-he) ideal to study properties of new particles coupling to eq pairs

LQs:

« 1stgeneration leptoquark bosons
(E6 GUTs, extended technicolor, Pati-Salam model, A LQ A

lepton-quark compositeness models)
» or, squarks in R-parity violating SUSY (see later) d d

can be scalar or vector, with fermion number 0 or 2 coupling A is unknown parameter
Buchmdller classification of model

g © A2 CI(X) (narrow width approx.)
LHC: mostly pair production (through gg or qq)

if A not too large (< e=V4ma=0.3), cross section insensitive to A
determination of QNs impossible, or ambiguous / model dependent

ep: single resonant LQ production (sensitive to A; suited for determination of QNs)

° C. Gwenlan, High Q? Physics at the LHeC e 10
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15t generation LQs, B=BR(LQ—eq)=1
ATLAS+CMS: MLa < 1.1 TeV

can expect up to 1.5 TeV from LHC (pair production)
with 300 fb-! at Vs=14 TeV
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ep scenarios:

MLQ

also sensitive to A< e=V4110=0.3

(preliminary study, G. Azuelos)
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LQ properties

spin, flavour structure, chiral structure, coupling
Fermion number determination

EG. Fermion Number (e-p and e*p)

A Ue_—ae+
O _ 40,
e e

> 0 for F=2
< 0 for F=0

asymmetry, A, since
u, d > ubar, dbar at
high x

asymmetry also
sensitive to quark
flavour

LHeC CDR,

dJ. Phys. G39
075001 (2012)

single LQ production more powerful for determination of QNs

LHeC (FCC-he): much higher cross section for single production than LHC
if LQs observed at LHC, future ep collider could measure fermion number,
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much of this mass range now excluded but
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can be extended to FCC
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new physics in high Q2 inclusive DIS

 new physics at higher scales A>+'s, may become observable as

deviations from SM predictions
« seen as an effective 4-fermion contact interaction (Cl)

observed as a modification of 4-fermion interaction =M, ~A~
the Q2 dependence — all
information contained in do/dQ? ><
 may be applied very generally to new phenomena:
LQ, mass > s £=2ne JOHD; gzud; €=l
Planck scale (Ms) of extra- ”;\q) _ _
A - dimensional models i 7 Ny BY Iy 415 Ty Fp + hec
. (e)gq(2)
compositeness scale = all combinations of couplings 1, = 47 8%
ab

° C. Gwenlan, High Q? Physics at the LHeC ® 13



scale of CIl at future colliders

300 TeV
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Reach for

A (Cl eeqq):
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LHeC: see CDR, J. Phys. G39 075001 (R01R%)
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1on” | HeC

FCC-he
2x1ab™ 2x1ab

(M. Klein)

FCC - rough scaling only — very preliminary

present LHC constraints
on scale of qqll contact
interactions: 15-26 TeV,
depending on model
(expect up to 40 TeV at
LHC at Vs=14TeV)

also advantages over,
and complementarities
with, pp and e*e~in
characterising nature of
new physics



95% C.L 1,

supersymmetry

improved sensitivity for HL-LHC

SUSY searches near HL-LHC kinematic boundary may be

ultimately limited by PDF uncerts., especially high x gluon

LHeC reduces PDF uncertainties considerably

plot by C. Borschensky and M. Kramer; update to
LHeC note arXiv:1211.5102
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R-parity violating supersymmetry

20 Gluino Pair Production PDF Uncertainty
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RPV squark production (like LQs, with generation mixing)
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with high luminosity, RPV SUSY can be probed

to unprecedented levels



BSM in vector boson scattering

FCC-he: explore vector boson scattering at high mass (G. Azuelos)
anomalous TGC, QGC couplings? L
LHeC studies show sensitivity comparable to fHﬁL f"’""+
LHC; enhanced sensitivity with polarised e beam lr\/\/\”’ !‘ -===Z
1.T.Cakir et al., arXiv:1406.7696 AW M Aw +
(= q' (| ———1—p q'

is unitarity restored only by Higgs? are there new resonances? (EG. composite Higgs)

expect below © 2-3 TeV
eq — (eq)VV, (vq)VV

search for deviations from SM

e

W/zZ

LHC: hadronic modes challenging

large QCD backgrounds not present in ep, pileup,
difficult if no lepton triggers used, ...

W/Z

° C. Gwenlan, High Q? Physics at the LHeC ® 16



top quark physics

precise measurements of couplings between SM bosons and
fermions are sensitive test of new physics (search for
deviations); top quark expected to be most sensitive to BSM
physics, due to large mass

ep future collider offers excellent prospects for top physics

C. Gwenlan, High Q? Physics at the LHeC
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measurement of |Vib]

Dutta, Goyal, Kumar, Mellado, arXiv:1307.1688 [hep-ph]

e beam: 60 GeV

Lint = 100 fb-! and simple cuts:
HAD: Nt = 22000, S/B=1.2
LEP: Nt=11000, S/B=11

C. Gwenlan, High Q? Physics at the LHeC

CMS Preliminary IthI Summary

August 2014
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CMS tW, 7 TeV, 4.9 fb"', PRL110 (2013) 02203

1.010° g::gg (exp) * g:g:g (th)

CMStW, 8 TeV, 12.2 b, PRL 112 (2014) 231802

1.030 + 0.120(exp) + 0.040(th)

CMS t-ch., 7 TeV, 1.17/1.56 fb", JHEP12 (2012) 035
1.029 + 0.046(exp) + 0.017(th)

CMS t-ch., 8 TeV, 19.7 b, JHEP06 (2014) 090
0.979 + 0.045(exp) + 0.016(th)

CMS t-ch., 7 and 8 TeV combined, JHEP06 (2014) 090
0.998 + 0.038(exp) + 0.016(th)

LHeC, 100 fb-1 "
1.000 = 0.005 (expected)
1 L L L L l L L L L

l L L L L l L

l 1 L L L ! L L L L l 1 L L L

0.5

0.6 0.7 0.8 0.9 1 11

LHeC: very high precision measurement

current LHC+Tevatron average: |Vtb|=1.009 +0.031
(PDG 2016)
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anomalous Wtb couplings

J.A. Aguilar-Saavedra, NP B812 (2009) 181

Ly = % [Wuﬁ”(‘@@% + f{*Pr)b

1 g
———— Wit (fE P+ ngPR)b] +he.

2m

7
=1 in SM

° C. Gwenlan, High Q? Physics at the LHeC
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anomalous Wtb couplings

J.A. Aguilar-Saavedra, NP B812 (2009) 181 RH vector

Lwi = W Ml @L +’R)b
——QM (fy' ) L‘|‘R)b] +h.c.

=1 inSM/ —

and RH tensor

° C. Gwenlan, High Q? Physics at the LHeC

20



anomalous Wtb couplings

J.A. Aguilar-Saavedra, NP B812 (2009) 181 q q
Ly = —— |W,Ev* (Vi FEPL + FRPR)b
W'tb—\/§ WY (Vs fi7 P + fi"Pr) LHC \\Y
1 T v pL
— W ta" (5 P + R)b] + h.c. g T t
2mw Ty _
b
- ——
and RH tensor ] /
R T /
0.8 R
0-6:— LHC combination preliminary vV =1,V_=0
- \s=7TeV, L =35pb’'-2.2fb"
0.4 Lt B ss cL
- ATLAS-CONF-2013-033
0.2|— CMS-PAS-TOP-12-025 95% CL
LHeC: 95% CL, hadronic mode — -
(100 fb!, systs. 1,5,10%) ol _ * SM
similar sensitivity with leptonic mode E ‘
from asymmetry of kinematic variable distributions -0.21~
Dutta:, Goyal, Kuma.I’, Me].].a:do, a.I’X1V150'71688 -0 ~1 ce v v b e b b b
D2 03 02 -01 0 0.1 02 03 04
® C.Gwenlan, High Q2 Physics at the LHeC f,l 21



anomalous Wtb couplings

J.A. Aguilar-Saavedra, NP B812 (2009) 181 RH vector
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top quark PDF

NC: top pair production

~
f
/

at very high Q2

y top quark
; becomes
{ _ light’
I (o000 ¢
— top PDF
NNPDF2.3 NNLO, x = 10

1.06 — — ———

. o5l — Gluon E
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cﬁ1'04§—Down E
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© 1020 =
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o099 top PDF also affects gluon -
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G.R. Boroun,

Phys Lett B744 (2015) 142
Phys Lett B741 (2015) 197

LHeC
(variable flavour number scheme for top)
100 ;
3 o 2_
I . Lin=10 o' v Q’=100
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LHeC opens up new field of research for

top quark PDFs
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search for anomalous tty couplings

A. Bouzas, F. Larios, Phys Rev D88 094007 (2013)

[ I I I I ! I

q K 2p |
_ E.=60GeV
. c
q GEJ - i
o) LHC: 5% uncert.
Z S
o T ]
¢ 8 B— Xy
© L a
with yp and DIS, sensitivity also to ttZ O /
| - /
© /
© ot | :
— GJ ‘\
Ltt_y — vDMm EDM "
_ I N i h |
et(Q,y“AM +—0*F,,(k + ifc‘ys))t
4m,

T -2 /1 | 0 1
. . K
can also measure magnetic dipole moment
LHeC: 10% and accuracu
top quark charge

27% uncert. (with 4.6 fb!, 7 TeV)
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FCNC in single top quark production

f}/\ Ku,c t b
) a L'==g. Z Qi 1o (fg + hgys)qAw + h.c.
q ~W q=u,c .
u,c k= anomolous FCNC coupling

LHeC: operating as yp collider

+0.04
¥ L
0.035 |- 95% C.L.
i 90% C.L.
i 68% C.L.
0.03 [
0.025 L Lint - 10 fb_1
- e beam: 70 GeV
002 1 y: 80% of e-energy
0.015 |
0.01 [
0.005 |
1 I 1 1 11 ] 1 1 1 I I I I I

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Ky

® C. Gwenlan, High Q? Physics at the LHeC

A= new physics scale

I.T. Cakir, O. Cakir, S. Sultansoy, Phys Lett B685 (2010) 170
LHeC CDR, J. Phys. G39 075001 (2012)

()]
(&)
c
© == ]/ab
O
Y= 100F = |== 100/fb
c
e 10/fb
n

10 == 2/fb

50

ke = | 1

]
o L

L 1 !
0.001 0.002 0.005 0.010 0.020 0050 0.100

C. Schwanenberger, ICHEP2016 K/N [TeV]

Ref.: K/A= 0.01 & BR(t—uy) © 2x10-6

(two orders of mag. better than LHC reach with 100 fb-")

can also explore Ku#Kc o
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FCNC top couplings at colliders

95% C.L.
—_— 1 = SIS C. Schwanenberger
N = ZEUS ICHEP16
>3 e e L3
- " CDF e L DO
1015_ : 2.1fb1, 7 TeV |
- gus | 5 fb1,7 TeV +
_ | 20 fb1, 8 TeV /
- e
- o :
_ 500 fb!
Vs= 250 GeV %&
10-3 | | 1 1 1. 1111 I | | 1 1. 1L II " ]‘Z
10°° 102 10™ I I
KtuY
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FCNC top couplings at colliders

1 95% C.L.
N E
> e nmenmene e L 3
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FCNC top couplings at colliders

1 95% C.L.
R L3
= FdoE DG
10" |- Y 24 fb1, 7 TeV %f
I (CMS 5fb1,7 TeV +
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102 - /
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= Al
C 1ab-? et
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1 0-3 1 1 1 1L 1111 I IS 1 1. 111 Iel %I/Z]
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....................... IKtuyl

‘ test SUSY, technicolor, little Higgs, extra dimensions l

dimensionless coupling (A=mt) & 3
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summary

 ep future collider has very rich high Q2 analysis programme
only selected studies shown here

« precision measurements of proton (and nuclear) structure are primary
goals of LHeC (and FCC-eh)

« dramatically improved precision for LHC and FCC searches and measurements

 precision electroweak measurements (light quark couplings, sin?0w)

* new phenomena, discovery, and / or determination of properties
« LQs, contact interactions, , RPV SUSY, FCNC, anomalous

couplings, , , ,

« study top quark in detail for first time at ep collider
» couplings to gauge bosons (EG. |Vtb|, Wtb, tty, ttZ, tH)
« top quark properties: top PDF, charge,

« FCC-he: higher sensitivity in all channels, studies ongoing

° C. Gwenlan, High Q? Physics at the LHeC ® 29



extras

C. Gwenlan, High Q? Physics at the LHeC
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H Ig h Q2 Rutherford backscattering

of dozens of TeV e- energy
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E,=50000 GeV

E=175 GeV

FCC-he
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primary measurements at high Q2
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asymmetry measurements in DIS

+ + +
Ai—UNC(PR>_UNC(PL) Rt — ONC
= = A =N
onc(Pr) +one(PL) OCe
E§4.85_[....-....n--...m_ L FoG GDR, 8166
V 7 | o
S J. Phys. G39 S STWOS
§= | 075001 (2012) I i _
_ | ' @
st % - 164 | |
% | 10 fb - C
i | e beam: [ 1
4.75 - | 162 - . -
. 60 GeV - ]
| b .
[ 1  mean x differs by | ]
47r 1 factor of 6 between i *  CTEQ6LL
NC and CC -
465l gl i
0.228 0229 0.23 0231 0.232 0.228 0.229 20-23 0-231. ?-232
P=+-0.8 10fb" sin’® P=-0.8, all Q sin’®

) . I
C. Gwenlan, High Q? Physics at the LHeC extract sin eW ((X, Mz fIXGd) e 33




single LQ production cross sections

Sgalar LQ, 7=0.1, single production
1 I — '

~ea.
____________
.....
.._

. [:
10 400 600 800 1000 1200 1400 1600

LQ Mass (GeV)

C. Gwenlan, High Q2 Physics at the LHeC

LHeC CDR,
J. Phys. G39
075001 (2012)



LQ properties with the LHeC

« fermion number and flavour structure

> Tr
j— -
—— L
() 0.8~
£
€ 06
a C
< 0.4
0_2:_ scalar leptoquarks
O:— ep—>LQ+X
C Ly e* + jet
0.2~ E, =140 GeV. E, =7 TeV
0.4
-0.6(
-0.8
L T
__IIII|IIII|IIII]IIIIlIII]lIIII]II]I
200 300 400 500 600 700 800 _ 900
MLQ
o_-0, (>0 forF=2
o +0, |<0forF=0
e e
T —

C. Gwenlan, High Q? Physics at the LHeC

LQ mass (TeV)

—
o

1.4

1.2

0.8}

0.6

LHeC CDR,

dJ. Phys. G39
075001 (2012)

L st, LQ, A =0.1

E, =70 GeV
10fb ™!

0.4"

E, = 140 GeV
10fb ! —

LHC luminosity (fb )



LHeC CDR,

LQ properties with the LHeC =~ zmwce

075001 (2012)

other properties:

spin
LHC: pair production of LQ — LQ leads to angular distributions which
depend on the g — LQ — LQ coupling

e

 may need to look at spin correlations . f o*
LHeC: cos8” distribution sensitive to spin _— q
vector LQs can have anomalous couplings ‘/q

couple chirally (i.e. to L or R but not both?)
could be probed by measuring sensitivity of cross sections to polarisation of
the electron beam

generation mixing?
does LQ decay to 2" generation?

BR to neutrino, good S/B in vj channel e;u; =S, —=>v. d;

C. Gwenlan, High Q? Physics at the LHeC ® 36



quark substructure

if contact terms originate from a model where fermions composite,

scale proportional to composite object radius

2 1 2 2
form factor: f(Q )=1—g<r >Q

do _dogy, .
107~ a0’ R (ORYR (o

sensitive to fermion radius
below 10~1°-10-20 m at

LHeC (FCC-eh)

C. Gwenlan, High Q2 Physics at the LHeC

Quark radlus

R, [107°cm]

140 GsV 140 GsV

HERA 60 GeV 60 GeV
2x10fb™

2x10fb™ 2x100fb” 2x1fb”

LHeC CDR,
J. Phys. G39
075001 (2012)
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LHC: variation of Drell-Yan cross section for Cl model
cannot simultaneously determine /A and sign of interference of new

Cl at the LHC and LHeC

amplitude with respect SM (g)

@
©

2 T

- 1.8

©

1.6
14
1.2

1
0.8
0.6
04
0.2

o-l

- DY at LHC, LL model /-

S A* =30 TeV :

' — A =30TeV .

:_ """" x'\- — 20 Tev B
0002000 3000 000 5000

M, (GeV)

EG: negative interference too small to be disentangled

C. Gwenlan, High Q? Physics at the LHeC

LHeC CDR,

J. Phys. G39

— A =30TeV — A*=30TeV -

m— AT =20 TeV = A"=20TeV 3
PN NN S T WA NN ST S T N SR S SR N S T
1000 2000 3000 4000 5000 9
Q% (GeV?) x 10

1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 3
1000 2000 3000 4000 5000 2

Q% (GeV?) x 10

| |

LHeC: sign € from asymmetry
of a/ogy in e*p and eTp

075001 (2012)
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LHeC CDR,

excited fermions

075001 (2012)

« could be produced directly if their mass is below compositeness scale
assume spin= ', L, R doublets

. . . I p! ﬂ'
gauge interaction Lagrangian L=—1TF, RO [gf t—z"W: +9fB, +9,[. 7°G;v fi

contact interaction Lagrangian ~ £'= 2A3 jﬂ §#5 3= TV S 470, Fovufy +1; Fuv Jo+ hec+ (L <> R)

area above curves excluded

10" = LEP ,
S - —— HERA: all channels =+ LESS
D N LHC: evy+eey / PRD6S5,
O, [ [ \da=1m, G 075003
< B \,‘(\ (2002)
w102 _—l

LHC could probe up to 1-2 TeV o

forf=f =1, A=me* (or f/A = 1/me*) N]/ ;

0. Cakir et al. PRD70 (2004) 075011 | L\—\eCﬂ 9

A. Belyaev et al., EPJ C41, s02 (2005) 1 10" #‘ LHeC: ey (5=758 GeV)

: e o e T LHeC: ey (s=1.4 TeV i
ep colliders could extend sensitivity : o — LHic 25 ‘(::_1 9 Tg\,; : Hgkﬁ
to f/A and mass reach to < CM 200 400 600 800 10001200140016001800

e* Mass [ GeV ]

° C. Gwenlan, High Q? Physics at the LHeC e 39



heavy fermions / coloured bosons

G. Azuelos
heavy leptons: -
» vector-like leptons: L and R chiralities have same transformation L,N
properties ‘
» predicted in GUT theories (Eg) or in Composite Higgs Models 7.Z W
« couplings: eEZ,vEW,eEH; vNZ,eNW,vNH p > \\
» Majorana neutrino production in an effective approach
(L. Duarte et al. 1412.1433) . v g
« SM background from py = £* +3j+v pe — e +3j+2v, .
able to discover Majorana neutrinos up to 700 GeV (for E, = 50 GeV)
d LTy d d
vector-like quarks? +_
€ e N —= 07 + jets

» single production of top partners,
sensitive to couplings: qQZ,qQW,qQH;
» (coupling to light quarks) g Q

diquarks

« predicted in superstring inspired E6 and composite models

« could carry charge 1/3, 2/3, 4/3 and be scalar or vector

* in gp production Ly =(2005it0, +8,it3d, )D O} +he.
(M Sahin and O. Gakir, arXiv:0911.0496)

LHeC reach excluded; vector and scalar diquarks can be distinguished by the angular distribution of their decays

[ C. Gwenlan, High Q? Physics at the LHeC °
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BSM in vector boson scattering (FCC-eh)

VBF Higgs production with BSM decays

eg. RPV casesH — x, x, —>3j 37 (resonances)

need to understand backgrounds

vector boson scattering at high mass
mass dependence of cross section

anomalous TGC, QGC couplings?
LT.Cakir et al., arXiv:1406.7697

studies show sensitivity comparable to LHC

is unitarity restored only by Higgs?
are there new resonances (composite Higgs model)?

expect below about 2—-3 TeV:

e-q — e-qWZ, vqWZ

search for deviations from SM predictions
LHC: hadronic modes challenging (high QCD
backgrounds not present in ep, pileup, difficult if no
lepton triggers used, ...)

C. Gwenlan, High Q? Physics at the LHeC

€ (polarised) v, (E;ms) € (polarised) €

Charged Current Neutral Current
o — ; —v. ¢ TP : > Ve

AWt AWt
A be---2

Aw A
i T iy q'

W/Z

W/Z




RPV SUSY

single squark production, in RPV SUSY (signal like LQs, with generation mixing)

e(p) w(p,)
stop ey
__<-—— also stronger bounds from BR0Ov
113 233
d(Pz) b(p4)

» sensitivity up to 700 — 800 GeV with only 1fb-
* LHC will also provide constraints

« very promising with high luminosity, 100 fb-1

* requires good b-tagging

N'131< 0.02
sbottom e~ also stronger bounds from B0V
Barbier hep-ph/0406039

« <100 fb-1 needed for 1TeV RPV sbottom discovery

95% C.L 1,

RPV SUSY can be probed at unprecedented levels

° C. Gwenlan, High Q? Physics at the LHeC

045F .
t  LHeC, 1.0fb
040 F
0.35F
0.30 F s ;
0.25F arXiv:1107.44761
0.20F : ]
0.15F
0.10 F
0.05F
0. A B e e wrur ArnNnnno~
100 200 300 400 500 600 700
The lighter stop t, mass M (GeV)
16
]'4j —my =150 GeV
12 e m~ =500 GeV
----- SM background
e I
3 os| arXiv:1401.4266
_8 L
= o6l
0.4; Ee =50 GeV
0.2f
0=3 2 3
® 42



mi:, [GeV]

SUSY — PDF impact on searches

« SUSY - searches near HL-LHC kinematic boundary may ultimately

o~ ~ 0
g-g production, g — qq X,

f  O-lepton combined

O — : —
— ATLAS Simulation Preliminary
L dt =300, 3000 fb", 's =14 TeV

500 1000

effect could be up to 1 TeV
ATL-PHYS-PUB-2014-010

EG: gluino production at the LHC

Gluino Pair Production PDF Uncertainty

plot by C. Borschensky,

M. Kramer; update to
arXiv:1211.5102

- NLO QCD

. M(squark)=M(gluino)=pr=pr
LHC (14 TeV)

' LHC (14 TeV)

‘ LHeC improves sensitivity for HL-LHC I

® C. Gwenlan, High Q? Physics at the LHeC

be limited by knowledge of PDFs (esp. gluon at high x)

T
(=3}

«Q
(=}

Gluino Pair Production

Nomi
------ Pgrlr:“lrjlilcertainties —= N0
Central value LHEC = MSTW2008 | — MSTW2008
— ABKMO09
— LHEC

300 /b
Min. spread: 400 GeV

3000 /fb ‘~:‘$.:~
Min. spread: 600 GeV  ~ S3EIFES

70 75 35

3.0
Mgluino = qu [Tev]

also NNPDF3.0
arXiv:1410.8849



top quark production

Dutta, Goyal, Kumar, Mellado, arXiv:1307.1688

Vs (TeV)

00 _LI8 167 205 237 265 290
10

o

&

o L 80% Pol, ]

Unpol. ————

0.1 CC

0.01

0 100 150 200 250 300
E, (GeV)
EG. CC with Lint= 100 fb (e: 60-140 GeV):

2—6 x 10° events
3—10 % 10° events

CC:

[

A b

O ——o

single top

e NC e

_ . gﬂ/,’Z

t
t
{ .
MG ) —
Y

_ Z, YP

t t
t

b9 ooo—— !

pair production

Y Yp ¢
b
b
single top W

‘ ep future collider offers excellent prospects for top quark physics I

® C. Gwenlan, High Q? Physics at the LHeC
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top quark electroweak interactions

q
b
/ Z
b ‘/\/\<
. 14
»  high precision measurements of Vtb and » direct measurement of top quark charge
search for anomalous Witb couplings and search for anomalous tty couplings

(EG. EDM, MDM)

<
.

+  measurement of top isospin and search for  +  sensitive search for FCNC couplings wil
anomalous ttZ couplings (EG. EDM, MDM) constrain BSM models that predict FCNC
(EG. SUSY, little Higgs, technicolour)

[ C. Gwenlan, High Q? Physics at the LHeC °
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measurement of |Vib]

Dutta, Goyal, Kumar, Mellado, arXiv:1307.1688 [hep-ph]
AB: luminosity uncertainty

% a1 Leptonic =w====== |
502 P, AB=.10 % e
e, Leptonic + Hadronic e
50.1 P, R i
so L o fff 9313 .’M""
PP -1
= | 'Lumln’otu_\ in fb
_)f_ 254 P, AB = .05 -
| T
e ]
kS s s
;6- 25 1 I WA LT YT,
E
Luminosity in b’
70 _— =
........ AB=.01
6 b e |
e beam: 60 GeV e
. . . 5k R R AR I'uI------'.'.'.: ---- g--;“......l-_ . R —
with Lint = 100 fb™!, with simple cuts: o0 1 ('). e
hadronic: Nt = 22000, S/B=1.2 A
R 11000, S/B=11 LHeC: A|V,| = 0.005 with Lin=100 fb-"!

C. Gwenlan, High Q? Physics at the LHeC °



LHC measurements of |Vib|

ATLAS+CMS Preliminary LHClopWG September 2016

[Vl = v%mheas from single top quark production
theo
Geo: NLO+NNLL MSTW2008nnio

PRD83 (2011) 091503, PRD82 (2010) 054018, - 1
PRD81 (2010) 054028 total th
AG,: scale ® PDF otal theo
My, = 172.5 GeV [fL V| % (meas) * (theo)
t-channel:
ATLAS 7 TeV' —— 1.02 £0.06 + 0.02
PRD 90 (2014) 112006 (4.59 fo™')
ATLAS 8 TeV HaH 1.03 +0.04 +0.02
Paper in preparation (20.2 fb™') :
CMS 7 TeV e 1.020 +0.046 £ 0.017
JHEP 12 (2012) 035 (1.17-1.56 fb™") i
CMS 8 TeV i 0.979 +0.045 +0.016
JHEP 06 (2014) 090 (19.7fo™)
CMS combined 7+8 TeV e 0.998 +0.038 +0.016

JHEP 06 (2014) 090

CMS 13 TeV b—brot— 1.03 £0.07 +0.02
paper in preparation (2.3 fb™) :
ATLAS 13 TeV H—t— 1.07 £0.09 + 0.02
arXiv:1609.03920 (3.2 fb™") i

Wt: :
ATLAS 7 TeV —f 1.03%31°+0.03
PLB 716 (2012) 142-159 (2.05fb™") :
CMS 7 TeV ——t—io———— 1,01+016 +003
PRL 110 (2013) 022003 (4.9 fb™) 013 -004
ATLAS 8 TeV" —t 1.01£0.10 £ 0.03
JHEP 01 (2016) 064 (20.3f0™")
CMS 8 TeV' —te—t—ro 1.03+0.12+0.04
PRL 112 (2014) 231802 (12.210™)
LHC combined 8 TeV " e 1.02 £ 0.08 + 0.04

ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019

ATLAS 13 TeV —— s | 11440244004
ATLAS-CONF-2016-065 (3.2 fb™") :

s-channel:

ATLAS 8 TeV* [ r—— 0937918 +0.04
PLB 756 (2016) 228 (20.3 fo™') : -

" including top-quark mass uncertainty

2 including beam energy uncertainty

1 1 Il I 1 1 1 | 1 1 1 | 1 Il 1 i 1 1 1 | 1 1 1 | 1 1 1 | 1 Il 1 I

[fy Vel

C. Gwenlan, High Q? Physics at the LHeC



anomalous Wtb couplings

Ve

RH vector

J.A. Aguilar-Saavedra, NP B812 (2009) 181
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anomalous Wtb couplings

Dutta, Goyal, Kumar, Mellado, arXiv:1307.1688 [hep-ph] RH vector —

=~ €
: ] e
Lwwp = /2 [Wut’Y’L(Vt@JL +R)b

1 -
o G (o] e
v

property
=1 in SM 7

L
LH and RH tensor ) f1L I
68% CL syst. (1— 1 0%) from asymmetry of distributions of kinematic variables
’ | I ' ! ' =IO.I \'f.'.!.'.'.'.'.'l I
ol l .......... §§3:;g~j L | 08t
It " s : 06 |
O 04r
Au 02
0r . 0t
05 o o2t
s 2 2 b 008 : 15-2 -1|.5 -Il -0'.5 Io ol.s |1 1‘.5 2 ..... 25 3 -I-z L5 -1 0.5 0 05 I
Af-. 100 Af;-. 100 Af,-. 100

LHeC: hadronic mode
® C.Gwenlan, High Q2 Physics at the LHeC similar sensitivity with leptonic mode e 49



top quark polarisation

Atag, Sahin, PRD 73, 074001 (2008)

e Ve
\//
W <" cosO: angle between charged lepton
N and spin quantisation axis in top
b frame
P :
1 dr 1 Ny — N
— = —(1 30) Ay = '
I'rdcosf 2( + Arjacosd) "7 N1 4+ N,
using simple e-beam axis |
polarisation Pt = 96% SM
E 0.6 /,-"""_ :
gl fR=0.2
My 1. _ "I , .
. 19.7fb™": A1y =0.26 £ 0.11
. -2
JHEP 04 (016)07 4 02 [ - accuracy of order 10

o3

° C. Gwenlan, High Q2 Physics at the LHeC e 50



top quark PDF

\j\\\\\\\\

SR
N

—_cfns
massless

LHeC opens up new field

of research for top PDFs

logQ?/GeV?

C. Gwenlan, High Q? Physics at the LHeC ® 51



search for anomalous ttZ couplings

A. Bouzas, F. Larios, Phys Rev D88 094007 (2013)

property 10% (18%) accuracy

EDM: K/Kz  0.20-0.28/0.6-0.8
MDM: K/Kz  0.05-0.09/0.9-1.3

tt photoproduction (grey lines)

tt DIS (black lines) ,
/_08_

‘ LHeC: 10% and 18% accuracy l |
-1.6 +

[ C. Gwenlan, High Q? Physics at the LHeC °
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anomalous FCNC tHu coupling

H. Sun, X. Wang, arXiv:1602.04670

e p — Vot = v.hq — v,bbgq q=u.c

object resolutions taken as ATLAS values
b-tag rate (60%), c- and light-tag fake rates
(10% and 1%)

S/(S+B)” optimised for LHeC and FCC-he
scenarios

cut- and MVA-based analyses

‘ improves sensitivity c.f. HL—LHC

C. Gwenlan, High Q? Physics at the LHeC

Upper Limit of Br(t—hu)

Upper Limit of Br(t—hu)

107!
TMVA-Based Analysis
LHeC
60GeV® 7TeV
102
Br(t—hu)=0.183%
10'3_—
[ Br(t-hu)=0.093%
A B A [ |
0 200 400 600 800 1000
10-’:
TMVA-Based Analysis
FCC-he
60GeVa® 50TeV!
1072
LHC,
€<— 3000 fb!
@ 14 TeV
© Brit>huj=0.022% o
0 200 400 600 800 1000
L [fo"] e 53



CP nature of tH coupling

Coleppa, S. Kumar, M. Kumar, Mellado (in preparation)

=

\O
a
[—
)

CP phase (t
&

my _ L
L=—i—7[cosé +iyssing] th 271/5
v

Ct = phase of ttH coupling 37/10
EG. (t =0, m (pure scalar); Ct =mt/2 (pure pseudo-scalar) /5

o

channel: H—bb, t—leptonic /10

0.
10° 10t 102 103

LHeC: study new physics
contributions to tH
coupling

Luminosity [fb™']

exclusion contour (region above curves excluded)

S/(S+B)”, cross section depends on (t

C. Gwenlan, High Q2 Physics at the LHeC also studies of {t dependence of various observables o 54



NC vector and axial vector couplings
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NC vector and axial vector couplings

* most recent constraints from combined analysis of HERA | + |l data

'L.i' T

C. Gwenlan, High Q? Physics at the LHeC
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